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MULTI-PATTERNING TO FORM VIAS WITH
STRAIGHT PROFILES

PRIORITY CLAIM AND CROSS-REFERENC.

L1

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/596,671, entitled “Multi-Patterning to Form
Vias with Straight Profiles,” filed on May 16, 2017, which

1s a divisional of U.S. patent application Ser. No. 15/223,
572, entitled “Multi-Patterning to Form Vias with Straight
Profiles,” filed on Jul. 29, 2016, now U.S. Pat. No. 9,679,804

issued Jun. 13, 2017, which applications are incorporated
herein by reference.

BACKGROUND

In order to form integrated circuits on waters, lithography
process 1s used. A typical lithography process involves
applying a photo resist, and defining patterns on the photo
resist. The patterns 1n the patterned photo resist are defined
in a lithography mask, and are defined either by the trans-
parent portions or by the opaque portions 1n the lithography
mask. The patterns 1n the patterned photo resist are then
transferred to the underlying features through an etching
step, wherein the patterned photo resist 1s used as an etching
mask. After the etching step, the patterned photo resist 1s
removed.

With the increasing down-scaling of integrated circuits,
optical proximity eflect posts an increasingly greater prob-
lem {for transferring patterns from lithography mask to
walers. When two separate features are too close to each
other, the optical proximity effect may cause the resulting
tformed features too short to each other. To solve such a
problem, double-patterning technology was introduced for
enhancing feature density without incurring optical proxim-
ity effect. One of the double patterning technologies uses
two-patterning-two-etching (2P2E). The closely located fea-
tures are separated into two lithography masks, with both
lithography masks used to expose the same photo resist or
two photo resists, so that the closed located patterns may be
transierred to a same layer such as a low-k dielectric layer.
In each of the double patterning lithography masks, the
distances between the features are increased over the dis-
tances between the features 1n the otherwise single pattern-
ing mask, and may be practically doubled when necessary.
The distances 1n the double patterning lithography masks are
greater than the threshold distances of the optical proximity
ellect, and hence the optical proximity eflect 1s at least
reduced, or substantially eliminated.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FIGS. 1 through 16 illustrate the cross-sectional views of
intermediate stages in the formation of metal lines and the
underlying vias 1n accordance with some embodiments.

FI1G. 17 1llustrates experiment results reflecting the rela-
tionship between carbon percentages 1n a carbon-containing,
layer and tilt angles of wvias in accordance with some
embodiments.

10

15

20

25

30

35

40

45

50

55

60

65

2

FIG. 18 illustrates a process tflow for forming an inte-
grated circuit structure including multiple vias underlying

and connected to respective overlying metal line(s) in accor-
dance with some embodiments.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures ol the imnvention. Specific examples of components and
arrangements are described below to simplily the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments in which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed between the first and second features, such that the
first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition 1s
for the purpose of simplicity and clarity and does not in 1tself
dictate a relationship between the various embodiments
and/or configurations discussed.

Further, spatially relative terms, such as “underlying,”
“below,” “lower,” “overlying,” “upper’” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated 1n the figures. The spatially relative terms are
intended to encompass different orientations of the device 1in
use or operation 1n addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

A multiple patterning method for forming closely located
vias 1n the interconnect structure of integrated circuits 1s
provided 1n accordance with various exemplary embodi-
ments. The intermediate stages of forming the vias are
illustrated. Some variations of some embodiments are dis-
cussed.

-

Throughout the wvarious views and illustrative
embodiments, like reference numbers are used to designate
like elements.

FIGS. 1 through 16 1llustrate the cross-sectional views of
intermediate stages in the formation of vias in accordance
with some embodiments. The steps shown in FIGS. 1
through 16 are also illustrated schematically 1n the process
flow 200 shown i FIG. 18.

FIG. 1 illustrates a cross-sectional view of water 10,
wherein the 1llustrated portion i1s a part of a device die. In
accordance with some embodiments of the present disclo-
sure, waler 10 1s a device waler including active devices
such as transistors and/or diodes, and possibly passive
devices such as capacitors, inductors, resistors, and/or the
like. In accordance with some embodiments of the present
disclosure, water 10 includes semiconductor substrate 12
and the features formed at a top surface of semiconductor
substrate 12. Semiconductor substrate 12 may be formed of
silicon, germanium, silicon germanium, or a III-V com-
pound semiconductor such as GaAsP, AllnAs, AlGaAs,
GalnAs, GalnP, GalnAsP, or the like. Semiconductor sub-
strate 12 may also be a bulk silicon substrate or a Silicon-
On-Insulator (SOI) substrate. Shallow Trench Isolation
(STI) regions (not shown) are formed 1n semiconductor
substrate 12 to 1solate the active regions 1n semiconductor
substrate 12. Although not shown, through-substrate vias
(sometimes referred to as through-silicon vias) may be
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formed to extend i1nto semiconductor substrate 12, wherein
the through-substrate vias are used to electrically inter-
couple the features on opposite sides of water 10. Active
devices 14, which may include transistors therein, are
formed at the top surface of substrate 12.

Further 1llustrated 1n FIG. 1 15 dielectric layer 16, which
may be an Inter-Layer Dielectric (ILD) or an Inter-Metal
Dielectric (IMD) layer. In accordance with some embodi-
ments of the present disclosure, dielectric layer 16 1s formed
of a low-k dielectric material having a dielectric constant
(k-value) lower than about 3.0, about 2.5, or even lower.
Dielectric layer 16 may be formed of phosphosilicate glass
(PSG), borosilicate glass (BSG), boron-doped phosphosili-
cate glass (BPSG), fluorine-doped silicate glass (FSG),
tetracthyl orthosilicate (TEOS), Black Diamond (a regis-
tered trademark of Applied Materials Inc.), a carbon-con-
taining low-k dielectric material, Hydrogen SilsesQuioxane
(HSQ), MethylSilsesQuioxane (MSQ), or the like. In accor-
dance with some embodiments of the present disclosure, the
formation of dielectric layer 16 includes depositing a poro-
gen-containing dielectric material and then performing a
curing process to drive out the porogen, and hence the
remaining dielectric layer 16 1s porous.

Conductive features 22 are formed in dielectric layer 16.
In accordance with some embodiments, conductive features
22 are metal lines, with each including a diffusion barrier
layer (not shown) and a copper-containing region (not
shown) over the diffusion barrier layer. The diffusion barrier
layer may 1nclude titanium, titanium nitride, tantalum, tan-
talum nitride, or the like and have the function of preventing
the copper in conductive features 22 from diffusing into
dielectric layer 16. Conductive features 22 may also be
contact plugs or metal vias in accordance with some
embodiments. Conductive features 22 may have a single
damascene structure or a dual damascene structure.

Dielectric layer 24 1s formed over dielectric layer 16 and
conductive features 22. Dielectric layer 24 may be used as
an Etch Stop Layer (ESL), and hence 1s referred to as ESL
24 throughout the description. ESL 24 may be formed of a
nitride, a silicon-carbon based material, a carbon-doped
oxide, and/or combinations thereof. The formation methods
include Plasma Enhanced Chemical Vapor Deposition
(PECVD) or other methods such as High-Density Plasma
CVD (HDPCVD), Atomic Layer Deposition (ALD), and the
like. In accordance with some embodiments, dielectric layer
24 15 also used as a diffusion barrier layer for preventing
undesirable elements, such as copper, from diflusing into the
subsequently formed low-k dielectric layer. ESL 24 may
include Carbon-Doped Oxide (CDO), carbon-incorporated
s1licon oxide (S10C) or oxygen-Doped Carbide (ODC). ESL
24 may also be formed of Nitrogen-Doped silicon Carbide
(NDC). ESL 24 may be a single layer or may include more
than one layer.

Dielectric layer 26 1s formed over ESL 24. In accordance
with some exemplary embodiments of the present disclo-
sure, dielectric layer 26 1s formed of a low-k dielectric
matenal, and 1s referred to as low-k dielectric layer 26
heremnafter. Low-k dielectric layer 26 may be formed using
a material selected from the same group of candidate mate-
rials for forming dielectric layer 16. When selected from the
same group ol candidate materials, the materials of dielectric
layers 16 and 26 may be the same or diflerent from each
other. In accordance with some embodiments, dielectric
layer 26 1s a silicon and carbon containing low-k dielectric
layer.

In accordance with some embodiments, layers 28 and 30
are formed over low-k dielectric layer 26. Layer 28 may be
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an Anti-Reflective coating Layer (ARL). ARL 28 may be
formed of S10C 1n accordance with some embodiments.
ARL 28 may also be a Nitrogen-Free ARL (NFARL), which

may be formed of an oxide in accordance with some
exemplary embodiments. For example, NFARL may include

silicon oxide formed using PECVD.

Mask layer 30 1s formed over ARL 28. Mask layer 30 1s
also referred to as hard mask layer 30 heremafter. In
accordance with some embodiments of the present disclo-
sure, hard mask layer 30 includes a metal(s), which may be
in the form of a metal nitride such as titanium mtride (T1N).
Hard mask layer 30 may also be formed of a non-metal
nitride such as silicon nitride, an oxynitride such as silicon
oxynitride, or the like.

Mask layer 30 1s patterned to from trenches 34. In
accordance with some embodiments of the present disclo-
sure, trenches 34 are formed using a one-patterming-one-
ctching (1P1E) process. In accordance with alternative
embodiments, trenches 34 are formed using a two-pattern-
ing-two-etching (2P2E) process, wherein two neighboring
trenches 34 are formed in different lithography processes, so
that neighboring trenches 34 may be located close to each
other without incurring optical proximity eflect.

Referring to FIG. 2, photo resist 36 1s formed over mask
layer 30, and has some portions filled 1nto trenches 34 (FIG.
1). Photo resist 36 may have a planar top surface, so that the
subsequently formed layers overlying photo resist 36 may be
planar layers, and may be very thin (for example, with
thicknesses of several hundred angstroms) while still being
conformal.

Next, layers 40, 42, and 44 are formed. The respective
step 1s shown as step 202 1n the process flow shown 1n FIG.
18. In accordance with some embodiments of the present
disclosure, layer 40 1s a Low-Temperature (LT) oxide layer,
which 1s deposited at a low temperature, for example, lower
than about 100° C. LT oxide layer 40 may be formed using
ALD 1n accordance with some embodiments. Using ALD to
form LT oxide layer 40 advantageously minimizes the
damage to the underlying photo resist 36, which damage 1s
caused by plasma, while other methods such as Chemical
Vapor Deposition (CVD), Physical Vapor Deposition
(PVD), or the like may also be used.

High-carbon layer 42 1s formed over LT oxide layer 40.
High-carbon layer 42 includes carbon and one or more of the
clements including silicon, oxygen, and/or hydrogen. In
accordance with some embodiments, high-carbon layer 42
includes S1—C bonds and S1—CH, bonds, and may be an
organic layer or an inorganic layer. The carbon atomic
percentage 1n high-carbon layer 42 may be greater than
about 25 percent (hence the name “high-carbon layer” or
“high-C layer”), and may be greater than about 30 percent.
In accordance with some embodiments of the present dis-
closure, the carbon atomic percentage 1n high-carbon layer
42 1s between about 25 percent and about 35 percent, the
oxygen atomic percentage in high-carbon layer 42 1is
between about 30 percent and about 35 percent, and the
s1licon atomic percentage 1n high-carbon layer 42 1s between
about 335 percent and about 45 percent. The hydrogen atomic
percentage 1 high-carbon layer 42 may be between about
0.5 percent and about 5 percent.

Capping layer 44 1s formed over high-carbon layer 42.
Capping layer 44 1s formed using a material that has a
high-resistance to the gas used in ashing photo resist,
wherein the ashing gas may include oxygen (O,), ozone
(O;), or the like. In accordance with some embodiments,
capping layer 44 1s a silicon oxide layer.
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A tri-layer 1s formed over capping layer 44, which tri-
layer 1includes bottom layer (also known as under layer) 46,
middle layer 48 over bottom layer 46, and upper layer 50
over middle layer 48. The respective step 1s shown as step
204 1n the process flow shown in FIG. 18. In accordance
with some embodiments, bottom layer 46 and upper layer 50
are formed of photo resists. Middle layer 48 may be formed
ol an 1organic material, which may be a carbide (such as
silicon oxycarbide), a nitride (such as silicon nitride), an
oxynitride (such as silicon oxynitride), an oxide (such as
silicon oxide), or the like. For example, when formed of
carbide, middle layer 48 may include S10C, which 1s a
low-carbon layer having a carbon percentage lower than the
carbon atomic percentage of high-carbon layer 42. In accor-
dance with some embodiments, the low-carbon layer 48 has
a carbon atomic percentage lower than about 15 percent, or
around 12 percent. Middle layer 48 has a high etching
selectivity with relative to upper layer 50 and bottom layer
46, and hence upper layer 50 may be used as an etching
mask for patterning middle layer 48, and middle layer 48
may be used as an etching mask for patterning bottom layer
46. Upper layer 50 1s patterned to form opening 32, which
has the pattern of via 80A (FIG. 16), which 1s to be formed
in low-k dielectric layer 26 1n subsequent steps.

Next, referring to FIG. 3, middle layer 48 1s etched using
the patterned upper layer 50 (FIG. 2) as an etching mask, so
that the pattern of upper layer 50 1s transferred to middle
layer 48. During the patterning of middle layer 48, upper
layer 50 1s at least partially, or entirely, consumed. After
middle layer 48 1s etched through, bottom layer 46 1s
patterned, wherein middle layer 48 1s used as an etching
mask. Upper layer 50 will also be fully consumed during the
patterning of bottom layer 46 1f 1t has not been fully
consumed 1n the patterning of middle layer 48.

Bottom layer 46 and the overlying middle layer 48 are
then used as an etching mask to etch the underlying layers
44 and 42, which etching process 1s referred to as a {first
etching process. The respective step 1s shown as step 206 1n
the process tlow shown 1 FIG. 18. The resulting structure
1s shown 1n FIG. 4. Opening 52 thus extends into layer 42,
with layer 40 exposed to opening 52. Since middle layer 48
and layer 44 are both formed of 1norganic materials, and may
have a low etching selectivity with relative to each other,
middle layer 48 (FIG. 3) may be consumed, and bottom
layer 46 acts as the etching mask in the subsequent etching
of layers 44 and 42. During the patterming of layers 44 and
42, bottom layer 46 1s also consumed, although at a lower
ctching rate than middle layer 48 and layers 44 and 42.
Hence, at the time the patterning of layers 44 and 42 is
finished, the thickness of bottom layer 46 1s reduced.

After the etching, the remaining bottom layer 46, which
comprises photo resist, 1s removed 1n an ashing process,
wherein oxygen plasma (such as O, plasma or O, plasma) 1s
used to remove bottom layer 46. The resulting structure 1s
shown 1n FIG. 5.

The ashing process, which 1s performed using oxygen
plasma, has the tendency of causing the carbon 1n carbon-
containing dielectric layer to lose, for example, forming
carbon oxide that 1s evacuated out of the respective process
chamber. This causes the resulting carbon-containing dielec-
tric layer to have lowered carbon content. If the carbon in
layer 40 1s lost 1n the ashing, the resulting material, which
includes mainly silicon and oxygen, will be similar to the
material of the underlying LT oxide layer 40 1n composition.
As a result, the etching selectivity between layers 42 and 40
will be undesirably reduced 1f carbon 1s lost. This 1s disad-
vantageous since layer 42 will be used as an etching mask
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to etch LT oxide layer 40, and hence it 1s desirable to have
a high etching selectivity between layer 42 and 40. Advan-
tageously, 1n the embodiments of the present disclosure,
with the ashing-resistant capping layer 44 covering and
protecting high-carbon layer 42, the carbon percentage in
high-carbon layer 42 remains substantially constant
throughout multiple ashing processes, and the etching selec-
tivity between layers 42 and 40 remain unchanged through-
out multiple ashing processes.

FIGS. 6 and 8 illustrate a second-photo-second-etching
process 1n the patterning of layers 44 and 42. In accordance
with some embodiments of the present disclosure, as shown
in FIG. 6, a second tri-layer 1s formed over layer 44. The
second tri-layer includes bottom layer 54, middle layer 56
over bottom layer 54, and upper layer 58 over middle layer
56. The respective step 1s shown as step 208 1n the process
flow shown i FIG. 18. In accordance with some embodi-
ments, bottom layer 54 and upper layer 58 are formed of
photo resists. Middle layer 56 may be formed of an 1norganic
material, which may be a carbide (such as silicon oxycar-
bide), a nitride (such as silicon nitride), an oxymtride (such
as silicon oxynitride), an oxide (such as silicon oxide), or the
like. Middle layer 56 has a high etching selectivity with
relative to upper layer 58 and bottom layer 54, and hence
upper layer 58 may be used as an etching mask for pattern-
ing middle layer 56, and middle layer 56 may be used as an
etching mask for patterning bottom layer 54. Upper layer 58
1s patterned to form opening 60.

Middle layer 56 1s then etched using the patterned upper
layer 38 as an etching mask, so that the pattern of upper layer
58 1s transterred 1into middle layer 56. During the patterning
of middle layer 56, upper layer 58 may also be consumed.
After middle layer 56 1s etched through, bottom layer 34 1s
patterned, followed by the etching of layer 44. Opening 60
thus extends into layers 44 and 42, with layer 40 exposed to
opening 60. The respective step 1s shown as step 210 1n the
process flow shown in FIG. 18. After the etching, the
remaining bottom layer 54 (FI1G. 6), which comprises photo
resist, 1s removed 1n an ashing process, wherein oxygen
plasma (generated from O, or O,) 1s used to remove bottom
layer 54. The resulting structure 1s shown in FIG. 7. As
shown 1 FIG. 7, high-carbon layer 42 i1s protected by
capping layer 44, and hence 1s not damaged 1n the ashing
pProcess.

FIGS. 8 and 9 illustrate a third-photo-third-etching pro-
cess 1n the patterning of layers 44 and 42. In accordance with
some embodiments of the present disclosure, as shown 1n
FIG. 8, a third tri-layer 1s formed over layer 44. The third
tri-layer includes bottom layer 64, middle layer 66 over
bottom layer 64, and upper layer 68 over middle layer 66.
The respective step 1s shown as step 212 1n the process tlow
shown 1n FIG. 18. Layers 64, 66, and 68 may be formed of
similar materials as that of layers 54, 56, and 58, respec-
tively.

Next, upper layer 68 1s patterned to form opening 70,
which also has the pattern of via 80C (FIG. 16) that 1s to be
formed in low-k dielectric layer 26. Opening 70 1s then
extended into layers 44 and 42 1n a plurality of etching
processes, wherein the respective processes are similar to
what are shown and discussed for FIGS. 6 and 7. The
respective step 1s shown as step 214 in the process flow
shown 1n FIG. 18. The resulting structure i1s shown in FIG.
9, wherein layers 44 and 42 have openings 52, 60, and 70
formed 1n different pattemmg-and etching processes. Again,
in these processes, capping layer 44 prevents the underlying
high-carbon layer 42 from losing carbon 1n the ashing of

under layer 64 (FI1G. 8).
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In subsequent processes, a plurality of etching processes
are performed to extending openings 52, 60, and 70 into
photo resist 36. The respective step 1s shown as step 216 in
the process flow shown 1n FIG. 18. In accordance with some
embodiments of the present disclosure, high-carbon layer 42
1s used as an etching mask to etch LT oxide layer 40.
Capping layer 44 1s quickly consumed since its material may
be similar to that of LT oxide layer 40, for example, with
both being silicon oxide layers. Advantageously, since the
carbon percentage i high-carbon layer 42 i1s maintained
high in the preceding multiple patterning-and-etching pro-
cesses, the etching selectivity between layers 42 and 40 1s
high, and hence the resulting LT oxide layer 40 has vertical
edges. In addition, since capping layer 44 protects high-
carbon layer 42 from losing carbon, the openings that are
formed earlier (such as opening 52) are not enlarged, and
have essentially the same lateral dimensions as the openings
that are formed later (such as opening 70). Accordingly, the
openings throughout water 10 have a uniform lateral dimen-
sion regardless of when the openings are formed.

Further referring to FIG. 9, dashed lines 40' are shown to
represent the sidewalls of openings 52, 60, and 70 when the
openings extend down into layer 40. Tilting angle a1 are the
tilting angles of sidewalls 40'. FIG. 17 illustrates a graph
illustrating the results of the experiments performed on
silicon walers having the structure shown 1n FIG. 9. In the
experiments, openings 52, 60, and 70 are formed to stop on
the top surface of photo resist 36, and 40' represent the
sidewalls. FIG. 17 illustrates tilting angles al as a function
of carbon atomic percentage 1n layer 42. FI1G. 17 reveals that
higher carbon atomic percentages cause the tilt angle al to
be higher. For example, when the carbon atomic percent 1s
about 12 percent, the t1lt angle al 1s about 60 degrees. When
the carbon atomic percent 1s increased to about 15 percent,
the tilt angle ol 1s about 74 degrees. When the carbon
atomic percent 1s increased to about 28 percent, the tilt angle
a1 1s about 85 degrees. When the carbon atomic percent 1s
increased to about 25 percent or higher, the increase 1n tilt
angle al begins to saturate. Accordingly, the carbon atomic
percent 1n layer 42 may be greater than about 25 percent, or
greater about 30 percent to achieve desirable results.

As shown in FIG. 10, openings 52, 60, and 70 are
transferred into photo resist 36 1n an anisotropic etching
process, hence exposing ARL 28. Furthermore, openings 52,
60, and 70 are aligned to the opemings (trenches) 1n mask
layer 30.

FIGS. 11 and 12 illustrate the transierring of via patterns
52, 60, and 70 1nto low-k dielectric layer 26. The respective
step 1s shown as step 218 1n the process flow shown 1n FIG.
18. Referrning to FIG. 11, photo resist 36 1s used as an etching
mask to etch ARL 28 and low-k dielectric layer 26. In
accordance with some embodiments of the present disclo-
sure, photo resist 36 1s removed after the etching, leaving
patterned mask 30 exposed. In accordance with alternative
embodiments, after the etching of low-k dielectric layer 26,
some portions ol photo resist 36 are left unremoved, as
shown 1n FIG. 11. An ashing process 1s then performed to
remove the remaining photo resist 36, for example, through
the ashing using oxygen (O,) plasma or ozone plasma. The
resulting structure i1s shown in FIG. 12.

Referring to FIG. 12, mask layer 30 1s exposed, and via
openings are formed. In subsequent description, the via
openings 1n low-k dielectric layer 26 are referred to as 52,
60', and 70', respectively. Via openings 52', 60', and 70’
extend to an mtermediate level of low-k dielectric layer 26.

Next, as shown in FIG. 13, an anisotropic etching 1s
performed to etch low-k dielectric layer 26, wherein mask
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layer 30 1s used as the etching mask. Trenches 72 are thus
formed. The respective step 1s shown as step 220 1n the
process tlow shown i FIG. 18. During the anisotropic
ctching, via openings 52', 60', and 70' further extend down
to the bottom of low-k dielectric layer 26, and ESL 24 1s
exposed. Trenches 72 have bottoms at an intermediate level
between the top surface and the bottom surface of low-k
dielectric layer 26.

Next, mask layer 30 1s removed, and the resulting struc-
ture 1s shown 1n FIG. 14. In a subsequent step, as shown in
FIG. 15, etch stop layer ESL 24 1s etched to expose the
underlying metal features 22.

FI1G. 16 1illustrates the formation of conductive vias 80A,
80B, and 80B (collectively referred to as vias 80) in via
openings 52', 60", and 70' (FIG. 15), respectively. Conduc-
tive lines 82A and 82B (collectively referred to as 82) are
also formed 1n trenches 72 (FIG. 15). The respective step 1s
shown as step 222 1n the process tlow shown in FIG. 18. Vias
80 and conductive lines 82 may include conductive liners
84, which may be diflusion barrier layers, adhesion layers,
and/or the like. Liners 84 may be formed of titanium,
titammum nitride, tantalum, tantalum nitride, or other alter-
natives. The inner regions 86 of conductive lines 82 and vias
80 include a conductive material such as copper, a copper
alloy, silver, gold, tungsten, aluminum, or the like. In
accordance with some embodiments, the formation of vias
80 and conductive lines 82 includes performing a blanket
deposition to form liner 84, depositing a thin seed layer of
copper or copper alloy over the liner, and filling the rest of
via openings 52'/60'/70" and trenches 72 with metallic mate-
rial 86, for example, through electro-plating, electro-less
plating, deposition, or the like. A planarization such as
Chemical Mechanical Planarization (CMP) 1s then per-
formed to level the surface of conductive lines 82, and to
remove excess conductive materials from the top surface of
dielectric layer 26. Layer 28 (FIG. 15) may be removed 1n
the planarization or etched after the planarization. In sub-
sequent steps, an additional dielectric ESL layer (not shown)
may be formed, and more low-k dielectric layers, metal
lines, and vias (not shown) may be formed over the addi-
tional dielectric ESL layer. The process steps and resulting,
structures may be similar to what are shown 1 FIGS. 1
through 16.

The process steps shown 1n FIGS. 1 through 16 illustrate
the formation of three vias connected to the same overlying
metal line 82A. The same process steps may also be used for
forming a plurality of vias, with each connected to one of a
plurality of overlying metal lines. The process steps may be
performed simultaneously, and share the process steps, as
shown in FIGS. 1 through 16, with no additional process
steps added.

FIG. 16 1llustrates the tilting angle ¢.2 of the sidewalls of
vias formed using the multiple-patterning-multiple-etching,
processes. Tilting angle a2 1s influenced by tilting angle ol
in layer 40 (FIG. 9). For example, increasing tilting angle al
causes the increase 1n tilting angle o2, and vice versa.
Accordingly, adopting the embodiments of the present dis-
closure has the eflect of making the sidewalls of vias to be
more vertical.

The embodiments of the present disclosure have some
advantageous features. By forming a high-carbon dielectric
layer to preserve the patterns of multiple patterning-and-
etching processes, the patterns may be transferred to the
underlying low-k dielectric layer more accurately than when
using a low-carbon dielectric layer. The advantageous fea-
ture 1s due to the high etching selectivity between the
high-carbon layer and the underlying LT oxide layer. Fur-
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thermore, forming a capping layer over the high-carbon
dielectric layer has the advantageous feature of preserving
carbon atomic percentage, and hence the etching selectivity
does not degrade due to the multiple patterning (and the
resulting multiple ashing process). As a result, the unifor-
mity 1n the lateral sizes of the via openings 1s improved. For
example, experiment results obtained from sample walers
indicated that by forming via openings using the multiple-
patterning-multiple-etching process 1n accordance with
embodiments of the present disclosure, via opemings 50', 60",
and 70' (FIG. 15) have lateral sizes o1 52.4 um, 52.5 um, and
53.1 um, respectively, with the fluctuation being within 1.7
um, 1.1 um, and 1.5 um, respectively. These results prove
that that the uniformity i the via opemings throughout the
waler 1s high.

In accordance with some embodiments of the present
disclosure, a method includes forming a carbon-containing
layer with a carbon atomic percentage greater than about 25
percent over a first hard mask layer, forming a capping layer
over the carbon-containing layer, forming and patterming a
first photo resist over the capping layer, and etching the
capping layer and the carbon-containing layer using the first
photo resist as a part of a first etching mask. The first photo
resist 1s then removed. A second photo resist 1s formed and
patterned over the capping layer. The capping layer and the
carbon-containing layer are etched using the second photo
resist as a part of a second etching mask. The second photo
resist 1s removed. A third photo resist under the carbon-
containing layer 1s etched using the carbon-containing layer
as a third etching mask. A dielectric layer underlymg the
third photo resist 1s etched to form via openings, and the
third photo resist 1s used as a part of a fourth etching mask.
The via openings are filled with a conductive material.

In accordance with some embodiments of the present
disclosure, a method includes forming a carbon-containing
layer over a first hard mask layer, forming a capping layer
over the carbon-containing layer, forming and patterming a
first photo resist over the capping layer, etching the capping
layer and the carbon-containing layer using the first photo
resist as a part of a first etching mask, and ashing the first
photo resist. After the first photo resist 1s ashed, the capping
layer remains. A photo resist layer 1s etched to extend an
opening in the carbon-containing layer into the photo resist
layer. The capping layer 1s removed during the etching the
photo resist layer. The opening 1n the photo resist layer 1s
turther extended into a low-k dielectric layer to form a via
opening. The via opening stops at an intermediate level of
the low-k dielectric layer. The low-k dielectric layer 1s then
etched using a second hard mask layer over the low-k
dielectric layer as an etching mask to form a trench. When
the trench 1s formed, the via opening extends to a bottom of
the low-k dielectric layer. The trench and the via opening are
filled with a conductive material to from a metal line and a
via, respectively.

In accordance with some embodiments of the present
disclosure, a method includes forming a first silicon oxide
layer, forming a carbon-containing organic layer over the
first silicon oxide layer, forming a second silicon oxide layer
over the carbon-containing organic layer, performing a {irst
patterning to form a {irst opening in the second silicon oxide
layer and the carbon-containing organic layer, performing a
second patterning to forming a second opening in the second
silicon oxide layer and the carbon-containing organic layer,
using the second silicon oxide layer and the carbon-contain-
ing organic layer as a first etching mask to extend the first
opening and the second opening into the first silicon oxide
layer, and using the first silicon oxide layer as a second
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ctching mask to extend the first opening and the second
opening 1nto a photo resist underlying the first silicon oxide
layer.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A method comprising:

depositing a hard mask layer;

depositing a carbon-containing layer over the hard mask

layer;

depositing a capping layer over the carbon-containing

layer;

forming a first patterned photo resist over the capping

layer;

performing a first etching process to etch the capping

layer using the first patterned photo resist as an etching,
mask, wherein a first opening 1s formed 1n the capping
layer;
ctching the carbon-contaiming layer using the first pat-
terned photo resist as the etching mask; and

removing the first patterned photo resist through ashing,
wherein the capping layer imnsulates the carbon-contain-
ing layer from a process gas used for the ashing.

2. The method of claim 1, wherein the capping layer
comprises silicon oxide.

3. The method of claim 1, whereimn the capping layer 1s
free from carbon therein.

4. The method of claim 1, wherein the etching the
carbon-containing layer 1s stopped on a top surface of the
hard mask layer.

5. The method of claim 1, wherein the first patterned
photo resist 1s comprised 1n a tri-layer comprising a bottom
layer, a middle layer, and a top layer, wherein the middle
layer comprises S10C, and a first carbon atomic percentage
in the carbon-containing layer 1s higher than a second carbon
atomic percentage in the middle layer.

6. The method of claim 1 further comprising;:

forming a second patterned photo resist over the capping

layer;

performing a second etching process to etch the capping

layer using the second patterned photo resist as an
additional etching mask, wherein a second opening 1s
formed 1n the capping layer; and

removing the second patterned photo resist through ash-

ing, wherein the first opening and the second opening
are preserved 1n the capping layer.

7. The method of claim 6, wherein the first opening and
the second opening are further preserved in the carbon-
containing layer.

8. The method of claim 1 further comprising:

extending the first opening into an underlying dielectric

layer; and

forming a conductive feature 1n the first opening.

9. The method of claim 1, wherein the carbon-containing,
layer has a carbon atomic percentage 1in a range between
about 25 percent and about 335 percent.
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10. A method comprising;:
forming a first photo resist over a low-k dielectric layer;
forming a first silicon oxide layer over the first photo
resist;
forming a carbon-containing layer over the first silicon
oxide layer, wherein the carbon-containing layer com-
prises silicon, oxygen, and carbon;
forming a second silicon oxide layer over the carbon-
containing layer;
forming and patterning a second photo resist over the
second silicon oxide layer;
etching the second silicon oxide layer and the carbon-
containing layer using the second photo resist as a {first
ctching mask;
ashing the second photo resist using a process gas com-
prising oxygen, wherein the second silicon oxide layer
caps the carbon-contaiming layer during the ashing; and
after the ashing, etching the first photo resist.
11. The method of claim 10, wherein a carbon percentage
of the carbon-containing layer 1s unchanged by the ashing.
12. The method of claim 10, wherein the etching the
second silicon oxide layer and the carbon-containing layer 1s
stopped on a top surface of the first silicon oxide layer.
13. The method of claim 10 further comprising, using the
first photo resist as an etching mask to etch the low-k
dielectric layer.
14. The method of claim 10, wherein the carbon-contain-
ing layer further comprises hydrogen therein.

15. A method comprising:
forming a first silicon oxide layer;
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forming a carbon-contaiming layer over the first silicon
oxide layer, wherein the carbon-containing layer has a
first carbon atomic percentage;

forming a second silicon oxide layer over the carbon-

containing layer;

forming and patterning a tri-layer comprising:;

a bottom layer over and contacting the second silicon
oxide layer;
a middle layer over and contacting the bottom layer,
wherein the middle layer comprises carbon, and has
a second carbon atomic percentage lower than the
first carbon atomic percentage; and
a top layer over and contacting the middle layer; and
ctching the second silicon oxide layer and the carbon-
containing layer using the tri-layer as an etching mask.

16. The method of claim 15 further comprising ashing the
bottom layer to reveal the second silicon oxide layer using
an oxygen-containing process gas.

17. The method of claim 16, wherein aiter the ashing, the
carbon-containing layer has a same first carbon atomic
percent as before the ashing.

18. The method of claim 15, wherein both of the carbon-
containing layer and the middle layer comprises S10C.

19. The method of claim 10, wherein the second photo
resist 1s comprised 1n a tri-layer comprising a bottom layer,
a middle layer, and a top layer, wherein the middle layer
comprises S10C, and a first carbon atomic percentage in the
carbon-containing layer 1s higher than a second carbon
atomic percentage in the middle layer.

20. The method of claim 10, wherein the first silicon oxide
layer 1s overlying and contacting the first photo resist.
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